Background: Autoantibodies with agonist function are described in cardiovascular disorders. Since vascular risk factors are associated with an increased risk for Alzheimer's disease (AD), we investigated a potential association between antibodies to the angiotensin 2 type 1 receptor (anti-AT1R) and AD. Objective: The primary objective of this study was to investigate the association between anti-AT1R and AD. The secondary objective was to investigate the association between clinical or biomarker features of AD and anti-AT1R. Methods: Samples from patients with mild AD participating in a longitudinal study in Western Norway (n = 92, 65 [71%] females, mean age 74.8 [range 50-89]) and age-and gender-matched healthy controls (n = 102) were included. Cerebrospinal fluid (CSF) AD biomarkers were assessed in a subgroup of patients. Patients were examined annually, including Mini-Mental State Examination. ELISA was used to measure anti-AT1R in serum. Non-parametric tests were used for statistical calculations and a p < 0.05 was considered significant. Results: AD patients had significantly higher levels of anti-AT1R compared with healthy controls (10.2 U/mL versus 8.1 U/mL, p = 0.04). This difference was found only in patients without hypertension and diabetes. Anti-AT1R levels correlated with CSF total tau (p = 0.03) and phosphorylated tau (p = 0.03) levels, and inversely with blood pressure in AD (Spearman R −0.277, p = 0.008). Discussion: AD is associated with increased levels of anti-AT1R, and the antibodies correlated with CSF total, and phosphorylated tau levels. Further research is needed to understand the blood pressure response in AD without hypertension and a potential link between tau and anti-AT1R in AD.
INTRODUCTION
Alzheimer's disease (AD) is the most common neurodegenerative disorder and the most common cause of dementia. Hallmarks of AD neuropathology are accumulation of extracellular amyloid-␤ (A␤) in senile plaques, intraneuronal phosphorylated tau proteins in tangles, and activation of microglial cells [1] . In addition to age, acquired cardiovascular disorders, such as mid-life hypertension [2] , diabetes [3] , atrial fibrillation [4] , and atherosclerotic disease [5] , increase the risk of later development of AD. These risk factors are known to be associated with agonist antibodies to key G protein-coupled receptors (GPCR) of the vasculature and autonomic nervous system, such as alpha 1 adrenoceptors (␣ 1 -AR), angiotensin 2 type 1 receptors (AT1R), beta 1 adrenoceptors (␤ 1 -AR), M2 muscarinic receptors (M 2 -MR), and endothelin-1-type A receptors (ET1A) [6] [7] [8] [9] [10] . Anti-GPCR antibodies such as anti-␤ 2 -AR and anti-␣ 1 -AR were recently found to be associated with AD and vascular dementia [11] .
AT1R have important functional roles in the cerebral microcirculation and in the brain itself. They regulate blood-brain barrier (BBB) permeability [12] and are linked to neuroinflammation, neuronal differentiation and neurite growth [13] . Importantly, AD patients taking angiotensin receptor blockers were found to have reduced AD-related pathology postmortem [14] . In animal studies, stimulation of the angiotensin system increases leukocyte adhesion, increases permeability of the BBB, induces oxidative stress in the microcirculation of the brain [15] , and leads to an increase in A␤ [16] and tau [17] pathologies. Neuronal cell death is also strongly linked to the presence of immunoglobulin G in AD patients' brains. In addition, immunoglobulin G passes over the BBB to a larger extent in AD, potentially gaining central access for functional autoantibodies [18] . To our knowledge AT1R antibodies have not yet been studied in vivo in AD.
There are several possible mechanisms by which AT1R antibodies may influence AD pathology, and the antibodies might represent biomarkers for patient that might benefit from treatment with angiotensin receptor blockers. The primary objective of this study was to test whether AT1R antibodies are increased in patients with mild AD compared to healthy elderly subjects. The secondary objectives were to explore the association of anti-AT1R with clinical features, longitudinal endpoints, APOE genotype and biomarker features of AD.
METHODS

Subjects
Patients were recruited from the Dementia study in Western Norway (DemVest, described in [19] [20] . Exclusion criteria were acute delirium or confusion, terminal illness, recently diagnosed major somatic illness, and previous bipolar or psychotic disorder.
From this study, 92 patients with AD were included. Patients were prospectively followed with annual assessments, including MMSE score, and duration of survival from baseline, for a total of 5 years. The comprehensive and standardized diagnostic procedures are described elsewhere [21] . Blood pressure [22] , CSF [23] (n = 30), and APOE [24] were analyzed as previously described. As controls, 102 subjects with MMSE scores above 28 and no recent major neurological or cardiovascular disease were recruited from senior centers in Bergen during 2014. They went through a clinical interview, as well as a clinical and neurological examination. Blood pressure and MMSE scores were registered. Hypertension, cardiac disease, stroke, and diabetes were recorded for both groups.
Anti-AT1R measurements
Serum samples were collected at baseline only and stored at −80 • C. Serum anti-AT1R antibodies were measured in duplicates using a solid-phase, sandwich enzyme-linked immunosorbant assay (ELISA) (Catalog #: EIA-AT1R, OneLambda, CA, USA) as recommended by the manufacturer. Absorbance was measured with an ELISA plate reader (Multiskan Ex Primary EIA V. 2.3) at 450 nm. Samples over the standard curve were assayed again at higher dilution factor and if still over the standard curve, given a value consistent with the OD. High-binding antibodies were defined at >17 U/mL, low-binding antibodies as 10-17 U/mL, and samples with less than 10 U/mL were considered negative, as suggested by manufacturer.
Statistics
Anti-AT1R values are expressed as medians with interquartile range, other measures as means. Analyses were performed by use of Prism (GraphPad Software, La Jolla, CA, USA) or IBM SPSS Statistics 22.0 (SPSS Inc., Chicago, IL, USA). Based on data distributions, non-parametric (Mann-Whitney tests and Spearman correlations) were used for statistical calculations involving anti-AT1R values. Parametric tests were used for blood pressure and MMSE, and a p-value below 0.05 was considered significant.
Ethics
The study was approved by the Regional Ethics Committee (REK approval no.: 2010/633) and the recruitment of controls after a notification of change. Patients and controls provided written consent to participate in the study after procedures had been explained in detail, and in case of patients with dementia, also to a caregiver.
RESULTS
The characteristics of AD and control subjects are shown in Table 1 . The groups differed on MMSE score as expected. Mean systolic blood pressure was higher in the AD group, but groups did not differ significantly regarding age, gender, co-morbidities, and drug use. The median (IQR) CSF values for A␤ 42 were 191 (IQR 85), for total tau (t-tau) 425 (442), and for phosphorylated tau (p-tau) 62 (46). A significantly higher proportion of AD patients (54%) were anti-AT1R positive compared to controls (35%) (Fisher's exact test, p = 0.009), and the levels were significantly elevated in AD patients compared with normal controls ( Fig. 1 significantly different distribution is maintained when comparing frequencies of high positive, low positive, and negative (Chi-square, p = 0.02).
Anti-AT1R levels were found to have an inverse relationship with blood pressure in AD patients (Spearman's rho −0.277, p = 0.008) but not in controls (Fig. 2) . When excluding patients with both a cardiac disorder and hypertension, the inverse relationship was maintained (Spearman's rho -0.369, p = 0.02) in Median, IQR levels and p-value (Mann-Whitney) for anti-AT1R in subgroups with or without a disease associated with anti-AT1R. There are missing data in the AD subgroups. Cardiac disease (n = 4), hypertension (n = 1), stroke (n = 5), and diabetes (n = 3). the remaining AD patients (n = 42). There was no significant difference in AT1R antibody levels in AD patients with or without known cardiac disease (10.4 U/mL versus 10.0 U/mL), known hypertension (10.0 U/mL versus 10.4 U/mL), or a clinical history of stroke (12.6 U/mL versus 10 U/mL). However, for diabetes (8.1 U/mL versus 10.5 U/mL), there was a trend toward lower anti-AT1R level among the patients with AD, but without diabetes. Median levels and IQR for these subgroups are presented for AD and controls in Table 2 . There were between 1-5 patients with missing data in the AD subgroup analyses ( Table 2 , legend). When performing the analyses among patients with or without hypertension, cardiac disease or diabetes separately, we found a clear association. AD and controls differed significantly only among cases without hypertension (p = 0.04) and diabetes (p = 0.008), and at trend level (p = 0.08) among those without cardiac disease, whereas among those with these diseases there were no significant differences between AD and controls. Serum anti-AT1R correlated significantly with t-tau (Spearman rho 0.39, p = 0.03) and p-tau (rho 0.40, p = 0.03), but not with CSF A␤ 42 (Fig. 3, N = 30 ). Anti-AT1R levels were not associated with rate of MMSE decline (mean decline −2.6 points/year), survival, or with APOE genotype (data not shown).
DISCUSSION
We describe for the first time the occurrence of AT1R antibodies in patients with AD. Anti-AT1R antibodies were found in 53% of AD patients and in 35% of matched normal controls. The frequency found in our controls is within the range of previously observed AT1R antibody levels in pre-renal transplant patients (23-45%) [25, 26] . Ten percent of both patients and controls presented high anti-AT1R levels. We did not identify any associations between poor prognostic outcomes and features indicating a more severe disease in these patients. Anti-AT1R have been reported to be associated with cardiac disease [27] , hypertension [28] , and diabetes [29] , and thus these common diseases might confound the findings. Thus, when analyzing patient subgroups with or without such diseases, a clear pattern emerged. Differences between AD and controls were observed only among patients without hypertension, diabetes, or cardiac disease, strengthening the hypothesis that the differences in anti-AT1R levels are related to AD itself rather than to confounding diseases. There is, however, no significant difference between anti-AT1R levels between patients with or without hypertension, stroke, or cardiac disease within the AD or control group. There was a trend toward lower levels, in AD patients with diabetes, which is contradictory to previous studies. The results were, however, most likely because of low numbers. This indicates that these diseases and potential confounders do not have a large impact on anti-AT1R levels in the two groups. Most studies on anti-AT1R have utilized a cardiomyocyte based functional bioassay or in-house ELISAs utilizing a peptide sequence corresponding to the 2nd extracellular loop. We have used a stable and reproducible assay with the fulllength receptor embedded in a membrane that has a higher sensitivity [30] . Thus, results from previous studies on cardiac disease, diabetes or hypertension might not be directly comparable to our findings.
Various antibodies have been found in AD patient sera and brain tissue, as well as complement activation [31] and cytokine involvement [32, 33] . We found a considerable overlap between levels of anti-AT1R antibodies in AD and controls. Levels of antibodies, in general, increase almost in a linear fashion related to age [34] . Pathological processes leading to AD overlap with several features of normal aging. With increasing age, increased brain A␤, brain atrophy [35] , and an increase in oxidative stress [36] have all been described. An increase of anti-AT1R could be associated with aging, which can explain some of the overlap. However, increased levels of antibodies against epitopes expressed in the brain parenchyma may have different functions in AD patients compared to normal aging, due to breakdown of the BBB and increased penetration into the brain [37] .
The role of blood pressure in AD pathogenesis is not clearly understood. Increased midlife blood pressure increases the risk for poor cognitive function and AD [38] , and atherosclerosis and subsequent hypertension are risk factors for AD [5] . Anti-AT1R is associated with hypertension and is a suspected pathogenic factor in preeclampsia [39] . Blood pressure decrease in the time period after AD has been diagnosed [40] , and moderate to severe dementia is related to low blood pressure [41] . We found that high anti-AT1R levels were associated with lower blood pressure. There was no difference in antihypertensive drug use that could account for the association. Autonomic dysfunction and impairment in cerebral autoregulation occurs in AD [42] . However, an altered responsiveness to angiotensin II stimulation in AD has not been demonstrated. The difference was maintained when excluding AD patients with known hypertension or a cardiac disorder, indicating that these confounders did not cause the association. Measurements of blood pressure were done under standard conditions at baseline, so the inverse relationship is unlikely to have arisen by chance. However, we do not know for how long patients have been under treatment for hypertension, which is a potential confounder. A mechanistic relationship that could explain the correlation between low blood pressure and AT1R antibody levels needs to be further investigated.
CSF t-tau and p-tau are elevated in AD and correlate with brain levels of neurofibrillary tangles [43] . In an animal study, infusion of angiotensin II into the brain parenchyma increased the production of p-tau through activation of glycogen synthase kinase 3 ␤ (GSK 3␤), the main tau kinase [17] . We found that anti-AT1R levels in serum correlated significantly with both CSF t-tau and CSF p-tau. This could indicate that anti-AT1R crosses the BBB and upregulates GSK 3␤. CSF biomarkers were only available for 30 patients and there were no associations between survival and MMSE decline rate with anti-AT1R levels. In addition, there was no association between anti-AT1R levels and CSF A␤ 42 or APOE genotype.
Even though increased anti-AT1R levels do not seem to affect AD progression, they could contribute to an enhanced risk for AD by damaging the cerebral microcirculation, increase neuroinflammation, or penetrate into the brain parenchyma and activate tau kinases [17] . Once AD is clinically detectable, driving forces in the brain might be too strong to be influenced by a functional autoantibody.
In conclusion, we found that AD is associated with increased levels of anti-AT1R. There was a significant association with CSF t-tau and p-tau and anti-AT1R was inversely associated with blood pressure. Further research is needed to understand the blood pressure response in AD patients with increased levels of anti-AT1R and potential mechanisms between anti-AT1R and tau pathology.
